Steroid receptors are prototypical ligand-dependent transcription factors and a textbook example for allosteric regulation. According to this canonical model, binding of cognate steroid is an absolute requirement for transcriptional activation. Remarkably, the simple one ligand-one receptor model could not be farther from the truth. Steroid receptors, notably the sex steroid receptors, can receive multiple inputs. Activation of steroid receptors by other signals, working through their own signaling pathways, in the absence of the cognate steroids, represents the most extreme form of signaling cross talk. Compared with cognate steroids, ligand-independent activation pathways produce similar but not identical outputs. Here we review the phenomena and discuss what is known about the underlying molecular mechanisms and the biological significance. We hypothesize that steroid receptors may have evolved to be trigger happy. In addition to their cognate steroids, many posttranslational modifications and interactors, modulated by other signals, may be able to tip the balance. (Molecular Endocrinology 29: 349 -363, 2015) 
N
uclear receptors (NRs) constitute a large superfamily of transcription factors with 48 members in humans (1) . The subfamily of steroid receptors (SR) is represented by the receptors for estrogens [estrogen receptor (ER)-␣ and ER␤], androgen receptors (AR), glucocorticoid receptors (GR), progestin receptors (PR), and mineralocorticoid receptors (MR). SRs, like most NRs, are composed of three main domains: the N-terminal domain containing the ligand-independent activation function 1 (AF-1), a central DNA binding domain, and a C-terminal hormone binding domain (HBD) containing the ligand-dependent activation function 2 (AF-2) (2, 3) . In response to hormones, a host of effectors are engaged in both genomic and nongenomic signaling by SRs to regulate the fate of target cells. In steroid-triggered genomic signaling, ligand binding to the HBD induces a conformational change that promotes the release from the heat shock protein 90 (Hsp90) complex, translocation into or redistribution within the nucleus, binding to chromatin at specific DNA sequences called hormone response elements, or at other sequences through other transcription factors and recruitment of further transcriptional coregulators to regulate transcription of target genes (4 -6) . Whereas all SRs can be activated as transcription factors by their cognate steroids, some if not all SRs can also respond to a large variety of other extracellular and intracellular signals in the absence of their cognate ligands ( Table 1) .
The cross talk of two signal transduction pathways is very common and allows the modulation of one by the other ( Figure 1B ). For example, the literature is replete with reports on the influence of a plethora of signaling molecules on liganded SRs. In contrast, the ligand-independent activation of SRs is an extreme form of signaling cross talk ( Figure 1C ). As a consequence of it, the activating signal ends up eliciting an SR response in addition to its canonical signaling out- put. It is conceivable that ligand-independent pathways also elicit rapid nongenomic signaling by SRs, but because only a little is known about that (7, 8) , it will not be further discussed here, except where relevant in the context of a transcriptional output. The focus of this review will be on the ligand-independent mode of transcriptional activation. Whereas other reviews have discussed the ligand-independent activation of individual SRs or the importance of phosphorylation for SR functions (9 -13), we will attempt a broader overview, present some alternative activation pathways in detail, explore the complexity of the principal molecular mechanisms, and discuss physiological and pathological implications.
Discovery of ligand-independent pathways
The first observations of SR activation in the absence of ligand were reported a quarter of a century ago (59) . Treatment of tissue culture cells with a cell-permeable derivative of cAMP to activate cAMP-dependent protein kinase A (PKA) or okadaic acid, an inhibitor of protein phosphatases 1 and 2A, triggered the activation of the transiently expressed chicken PR and increased the expression of a reporter gene, which suggested that SR phosphorylation might be essential for SR activation in the absence of ligand. Later studies supported this idea and extended it to the activation of human ER␣ (26) . The binding of dopamine to its membrane-bound receptor, which stimulates adenylate cyclase activity, was demonstrated to induce expression of reporters of ER␣ and PR activity to the same extent as that induced by their natural ligands. Still in the early 1990s, it was shown that epidermal growth factor (EGF) increased the cell proliferation of the murine female reproductive tract, a well-established estrogenic response (14) . Moreover, EGF was found to activate the expression of an estrogen-responsive reporter gene in transfection experiments with the human ovarian adenocarcinoma cell line BG-1 in the absence of estrogens (62) . These intriguing findings set the stage for the subsequent discoveries of a large variety of related phenomena and, relatively more recently, molecular mechanisms and physiologically and pathologically relevant contexts for these extreme forms of signaling cross talk.
Selected extra-and intracellular factors

EGF
Many years after the initial discovery that EGF can activate ER␣ in the absence of estrogens (62) , EGF was shown to induce the binding of ER␣ to the promoters of specific genes, which are frequently overexpressed in breast cancers positive for the receptor tyrosine kinase erbB-2 (ERBB2) (83) , a member of the EGF receptor family that is often associated with resistance to the ER antagonist tamoxifen (OHT) (84) . Even though the cross talk between the EGF signal transduction pathway and ER signaling had been well documented (85, 86) , only a little progress had been made toward understanding the molecular mechanisms that make the ERs effectors of the EGF pathway. In this regard, our identification of AF-1 of ER␣ as the region targeted by EGF had begun to shed light on the mechanism and emphasized the differences with estrogens, which bind the C-terminal HBD and turn on both AF-1 and AF-2 (47) .
EGF induces the phosphorylation of specific serine residues, notably serine (S) 118 and S106 of ER␣ and S106 and S124 of ER␤ by MAPK and S167 of ER␣ by protein kinase B (Akt) (52, 74) . S118 was shown to be necessary for activation by EGF, suggesting that its phosphorylation is required. However, a negative charge at that position proved to be insufficient on its own to activate ER␣-dependent transcription in the absence of estrogens (47) . Because the phosphorylation sites S106 and S124 of ER␤ are critical for both to activate and to stimulate the interaction with the steroid receptor coactivator 1 (SRC-1) (74), these findings indicated for the first time that the ligand-independent activation of SRs may in some cases involve the phosphorylation-stimulated recruitment of specific coactivators. EGF can also activate other SRs, notably PR (16) and AR (17) , possibly by using similar molecular mechanisms as for the activation of the ERs. EGF treatment of the prostate cancer cell line LNCaP with EGF promotes the phosphorylation of AR at tyrosine 534 (Y534) by the tyrosine kinase c-Src, and this increases AR nuclear localization and activation, which is accompanied by increased cell proliferation and secretion of the prostate-specific antigen (PSA) (87, 88) . Consistent with this view, dasatinib, an inhibitor of the Src family of tyrosine kinases, can prevent both the phosphorylation of AR at Y534 and transactivation of AR by EGF. The EGFinduced phosphorylation of AR at Y267, through the activation of an unidentified dasatinib-resistant tyrosine kinase, is also associated with AR activation and proliferation of prostate cancer cells in the absence of androgens (19) .
Receptor tyrosine kinase erbB-2 (ERBB2)
ERBB2 (also known as HER2) is an important prognostic factor in breast cancer because its overexpression tends to be associated with ER-negative breast cancer, OHT resistance, and overall poor prognosis (89 -92) . Moreover, it has been shown that the artificial overexpression of ERBB2 in breast cancer cells is sufficient to induce estrogen-independent growth and OHT resistance (20) . Another study showed that ER␣-positive MCF-7 cells overexpressing ERBB2 (MCF-7/HER2) are even growth stimulated by OHT in vitro and in vivo using xenografts in nude mice (93) . Treatment of these cells with estradiol or OHT led to increased phosphorylation and activation of ER␣ and ERBB2, Akt and MAPK, and the coactivator, amplified in breast cancer 1 protein (AIB1; also known as NCOA3). Upon ERBB2 overexpression, OHT behaves as an agonist inducing the recruitment of an active transcription complex with ER␣, AIB1, the CREB-binding protein (CBP), and the histone acetyltransferase EP300 (p300) to ER␣ target genes (93) .
Similarly, the overexpression of ERBB2 in the androgen-dependent prostate cancer cell line LNCaP was shown to promote the activation of unliganded AR, increased secretion of PSA, and ligand-independent growth in vitro and of LNCaP/HER2 xenografts in castrated nude mice (22) . The overexpression of ERBB2 in LNCaP cells may induce AR activation by stimulating its interaction with coactivators such as the AR-associated protein 70 (ARA70), an activation that can be blocked with a MAPK inhibitor (94) .
Heregulin (HRG)
HRG belongs to a family of growth factors encoded by four different genes. Alternative splicing generates a multitude of isoforms with HRG itself being an isoform of the NRG1 gene (95, 96) . The activation of ERBB2 by HRG in breast cancer cells in culture is followed by rapid phosphorylation and activation of the unliganded ER␣, increased transcription of ER␣ target genes, estrogen-independent growth, and OHT resistance (20, 93, 97) . Another study found that the treatment of MCF-7 cells with HRG-1␤ promoted the rapid phosphorylation of Akt, which then phosphorylates and transcriptionally activates ER␣. Remarkably, the phosphorylation of Akt is dependent on both ER␣ and ERBB2 because HRG-1␤ binds the HER2-HER3 heterodimer, which in turn interacts with membrane-associated ER␣ to activate phosphatidylinositol 3-kinase (PI3K) and Akt (7). This illustrates the fact that nongenomic signaling by ER␣ may also be elicited in a ligand-independent fashion and that it may contribute as a part of a feedforward regulatory circuit to activate the transcriptional activity of the unliganded ER␣.
AR signaling is also activated by HRG. Treatment of the prostate cancer cell lines LNCaP and LAPC-4 with HRG induced the phosphorylation of AR at Y267 and Y363, which is correlated with AR activation, expression of AR-target genes, and androgen-independent growth of prostate tumor cells as xenografts (19, 98) . Both sites are phosphorylated by the activated CDC42 kinase 1 (Ack1), itself activated by c-Src. Interestingly, Ack1 becomes part of the AR transactivation complex and is recruited to ensure AR binding to androgen-responsive enhancers on AR-target genes (98) . In addition to ER␣ and AR, HRG activates PR as demonstrated with progestin-responsive mammary tumor cell lines. These respond with increased proliferation, which can be blocked by the use of the progestin antagonist RU486 (21) . Activation of a progestin-responsive reporter gene is dependent on the activation of HER3 and the MAPK pathway, mediating the rapid phosphorylation of PR at S294, analogous to what happens in both ligand-dependent and EGF-induced activation of PR (21) . Phosphorylation of PR on S294 leads to greater nongenomic c-Src activation. This in turn promotes ERBB2 phosphorylation and activation of the signal transducer and activator of transcription 3 (STAT3), which is a requirement for HRG-induced mammary tumor growth (99) .
Insulin and IGF-1
Insulin and IGF-1 are structurally and biologically related peptide hormones that elicit similar anabolic responses, depending on energy availability and the levels of basic substrates such as amino acids (100 -102). They can also promote tumor development by the inhibition of apoptosis and by increasing proliferation (103) . Although each of them has its specific receptor, IGF-1 can also bind the insulin receptor, although with lower affinity than insulin, and act as a mediator of enhanced insulin action (104 -106) . Pioneer studies have demonstrated a signaling cross talk between insulin/IGF-1 and ER␣. In primary cultures of immature rat uterine cells, IGF-1 induces increased levels of ER␣ phosphorylation and the up-regulation of the ER␣ target gene PGR (23) . In neuroblastoma cell lines stably transfected with ER␣ and cultured in the absence of estrogens, insulin and IGF-1 were found to control growth and morphological differentiation through the activation of ER␣-dependent transcription (24) . In this system, insulin was found to activate ER␣ through the AF-2 domain by signaling through Ras (61) . A role for ER␣ in mediating growth factor signaling was also found with a pituitary tumor cell line in that antiestrogens were able to block the growth stimuli of insulin and IGF-1 (25) .
Toward elucidating the molecular mechanisms of the activation of ER␣ by IGF-1, evidence emerged for a role for the activation of Akt and mammalian target of rapamycin (mTOR)/S6 kinase 1 (S6K1) upstream of ER␣ (52, 107) . Treatment of MCF-7 cells with IGF-1 resulted in a rapid activation of Akt and increased ER␣ activity (52) and complemented the effects of active IGF-1 receptor in cell proliferation (108) . Moreover, the stable expression of a constitutively active Akt mutant was sufficient to mimic the effects of IGF-1 (52) . Serines 104, 106, 118, and 167 of the ER␣ AF-1 domain were found to be important because their replacements with alanine completely abolished the activation of ER␣ by Akt (52) . Later studies highlighted that Akt phosphorylates ER␣ on S167 in response to IGF-1 and that this and the induction of cell proliferation are abrogated by the use of the mTOR1 inhibitor rapamycin (107) . This is the first study that reported a physical interaction of S6K1 and ER␣ and a requirement for S6K1 activity for the cross talk of the IGF-1 and ER␣ pathways (107) .
IGF-1 can also activate AR signaling in the absence of androgens, and this is blocked by a pure AR antagonist. In contrast to the situation in breast cancer cells, addition of exogenous IGF-1 does not stimulate the growth of LNCaP cells (17) . Thus, the role of IGF-1, if any, in the proliferation of androgen-responsive cells like LNCaP remains to be clarified.
Dopamine
When the neurotransmitter dopamine binds the dopamine receptor, it leads to the production of cAMP by adenylate cyclase. The ensuing activation of the PKA pathway increases the phosphorylation of many target proteins and affects the expression of numerous genes (109, 110) . The first hint that dopamine might stimulate SR signaling in vivo came from the observation that a cell-permeable derivative of cAMP (111), inhibition of phosphodiesterases (112) , or agonists of D1 type of dopamine receptors (113, 114) can reinforce or even mimic the effects of progesterone in promoting the mating behavior of female rats, which is dependent on PR activity (115) . As mentioned before, dopamine was subsequently found to induce the transcriptional activities of human ER␣ and chicken PR with S628 within the HBD of the latter being crucial (26) . Another evidence for the importance of dopamine in the activation of SR signaling in vivo was more recently provided by the discovery that, during development of certain brain areas in female rats, the expression of PR is tightly regulated by dopamine acting through the dopamine D1-like receptor triggering ER␣ signaling (116) .
Cytokines
Cancer cells can secrete proinflammatory cytokines that modulate the tumor microenvironment and may play a role in cancer cell proliferation and survival (117, 118) . In addition, several studies have shown that there is signaling cross talk between interleukins (ILs) and SRs. IL-6 was observed to activate the unliganded ER␣ in transient transfection assays in short-term epithelial cultures established from primary breast tumors (28) . The activation of AR by IL-6 in LNCaP cells could be blocked by inhibitors of the PKA and MAPK activities (29) . In contrast to other factors that activate the unliganded ER␣ and AR in these cell lines, IL-6 inhibited the proliferation of LNCaP cells, in agreement with other studies (119, 120) , as well as the proliferation of breast cancer cells (121) . Considering that the transcriptional activation of SRs by IL-6 requires PKA activity, the apparent discrepancy with the proliferative effects of other factors may be due to the inhibitory effects of PKA on proliferation at least in some instances (122) . Another study with LNCaP cells pointed out that STAT3 is required for the activation of AR by IL-6. STAT3 is activated and interacts with AR in response to IL-6 signaling (30) . Later the minimal sequence of AR for the interaction with STAT3 was mapped to the N-terminal amino acids 234 -559 (123) . A role for MAPK in this pathway remains controversial (30, 123) . Some contradictions with the afore-mentioned previous studies (29, 119) with regard to the role of PKA and effects on proliferation still remain to be resolved.
Another publication reported that the use of PKA inhibitors did not affect the IL-6-induced AR activity, that PKA activity rather increased MAPK activity when activators of PKA were combined with IL-6, and that IL-6 increased the proliferation of LNCaP cells, even though only modestly (123) . Some of these contradictory data could result from differences in methodology due to the use of different PKA inhibitors and different concentrations of IL-6. Additional signaling molecules may be involved in this pathway as suggested by the finding that AR is phosphorylated on Y534 in IL-6-treated LNCaP cells and that this phosphorylation is abolished when cSrc is knocked down (19) .
Similarly to IL-6, IL-8 can activate AR signaling in prostate cancer cells. Interestingly, the cross talk between the IL-8 and AR signaling pathways could weaken the apoptotic effects of an AR antagonist in LNCaP cells, suggesting a role of these pathways in the progression of prostate carcinomas to androgen-independent stages and resistance to hormonal therapy (31) .
Yet another IL, IL-4 was not only found in the serum of patients with hormone refractory prostate cancers but also proved to be able to activate AR in the absence of androgens (27, 124) . This depends on Akt because its inhibition blocks the activation of AR by IL-4 (27) . Interestingly, this signaling cross talk somehow intersects with the nuclear factor kappa B (NF-B) pathway because NF-B is activated in xenograft tumor models that proliferate in the absence of androgens (125) and because the inhibition of NF-B by the expression of the NF-B inhibitor-␣ (IB␣) reduces the activation of AR by IL-4 (126) . Furthermore, to the molecular mechanisms of signaling cross talk, it was later shown that IL-4 induces CBP and p300 expression and enhances their interaction with AR at AR target genes. As a result of the AR and CBP/ p300 interaction, AR becomes acetylated, and this in turn increases AR transcriptional activity (127) .
Prolactin (PRL)
PRL and estrogens are crucial factors in the normal development of the mammary gland to which they contribute fundamentally for the regulation of cell growth, proliferation, and differentiation (128, 129) . However, although the role of estrogens in breast carcinogenesis is well established, the role of PRL and the impact of the signaling cross talk of PRL receptor and ER␣ are less clear. Studies with breast cancer cell lines have shown that PRL can activate ER␣ and stimulate proliferation (37, 130) . The activation of ER␣ by PRL is dependent on the phosphorylation of S118 of ER␣ by the MAPK and PI3K pathways downstream of the activation of c-Src (37) . Compelling evidence for a physiological role of the ligand-independent activation of ER␣ by PRL was recently obtained with a mouse knock-in mutant of ER␣. The estrogen-refractory ER␣ point mutant G525L can still be activated by PRL to stimulate mammary ductal elongation and gene expression at puberty (131) . Thus, PRL as a factor contributing to the proliferation of breast tissues might also support the progression of estrogen-independent breast tumors and potentially decrease the efficacy of endocrine therapy.
Amino acids
The levels of free amino acids in blood plasma, apart from their metabolic functions, control a vast number of biological processes including cell cycle progression, reproduction, and immunity (for a review, see references 132 and 133). In addition to reproductive tissues, ER␣ is also highly expressed in the liver in which it controls glucose homeostasis and gene expression (134, 135) . It regulates gene expression in both the presence and the absence of estrogens as seen in immature mice before gonadal production of sex steroids and in ovariectomized adult mice (39, 136) . It is in this context that it was discovered that the administration of free amino acids to primary cultures of hepatocytes or to HepG2 hepatoma cells transiently transfected with an estrogen-responsive reporter gene construct caused ER␣ activation in the absence of estrogens. This effect is dependent on the mTOR pathway and phosphorylation of ER␣ at S167 and Y534 (39) . In vivo, ER␣ activation by amino acids was correlated with increased blood levels of IGF-1 and with the IGF-1-induced progression of the estrous cycles (39), thus placing ER␣ in the liver at a pivotal position for integrating food availability and reproduction.
Cyclin D1
Cyclin D1 is one of the most frequently overexpressed cell cycle proteins in breast cancer, either because of gene amplification (137, 138) or response to growth factors (139) . Cyclin D1 can bind the hinge domain of ER␣ and activate ER␣ in the absence of estrogens independently of its association with a cyclin-dependent kinase partner. Whether this mode of activation of unliganded ER␣ renders it OHT resistant remains controversial (40, 41) . Cyclin D1 appears to activate ER␣ in the absence of estrogens, including AF-2 mutants, by recruiting coactivators as SRC-1 or the p300/CBP-associated protein through its own C-terminal leucine-rich coactivator binding motif (140, 141) . Furthermore, it was recently shown that cyclin D1 also determines estrogen-dependent signaling in vivo in the mammary gland (142), revealing a noncanoni-cal function of cyclin D1 in the assembly of ER␣ transcription complexes as is the case for unliganded ER␣ (140, 141) . Thus, the overexpression of cyclin D1 might contribute to the enhancement of proliferative effects of active ER␣ signaling and potentially lower the efficacy of endocrine therapies in breast tumors.
Cyclin-dependent kinase 2 (CDK2)
Cyclins E and A and the associated CDK2 are required for cell cycle progression from the G 1 to S and S to G 2 phases, respectively. The overexpression of cyclin A/CDK2 activates the unliganded ER␣, which can be inhibited by the expression of a catalytically inactive CDK2 mutant (42) . The cyclin A/CDK2 complex induces the phosphorylation of ER␣, notably on S104 and S106 (143) . Later studies have shown that the sole overexpression of cylin A or cyclin E, which may pair up with the endogenous CDK2, can activate ER␣-and ER␣-dependent proliferation of breast cancer cells, rendering them both estrogen independent and resistant to OHT (143, 144) . This phenomenology appears to extend to human PR in that the overexpression of cyclin E or of a constitutively active mutant of CDK2 was shown to activate PR in the absence of progestins. CDK2 phosphorylates PR at S400, which is required for PR activation and nuclear localization (43) . Because SR signaling itself can promote cell proliferation by increasing the expression of cyclins (144 -147) , this complicated network of regulatory loops may underlie the stimulation of proliferation and even antihormone resistance.
Molecular mechanisms
Most pathways promoting the ligand-independent activation of SRs are initiated by extracellular or intracellular signals that activate kinases, which may phosphorylate the SRs themselves and/or their coregulators ( Figure  2 ). Growth factors like EGF and HRG or the overexpression of the receptor ERBB2 activate SRs mainly through the Akt and MAPK pathways, which phosphorylate preferentially the AF-1 regions of ER␣ and ER␤ (7, 93) or through c-Src to activate, for example, AR signaling (19, 87, 88) . Similarly, PRL activates the ER␣ through the MAPK and PI3K pathways as a result of c-Src activation (37). IGF-1 was shown to activate ER␣ signaling by a mechanism that involves the activation of mTOR by Akt and the subsequent phosphorylation and activation of the AF-1 region of ER␣ by the downstream kinase S6K1 (107). Circulating amino acids, which are essential activators of the mTOR pathway, activate ER␣ signaling in the liver and increase serum levels of IGF-1 (39). In turn, IGF-1 triggers ER␣ activation in the absence of estrogens, notably in nonreproductive tissues such as the liver (136) . The key question is what happens downstream of the phosphorylation of this or that residue in a particular SR. To the best of our knowledge, there is as yet no clear case in which the recruitment of a coactivator has been demonstrated to be specifically induced by the phosphorylation of a particular SR residue and required for ligand-independent activation by a growth factor. Phosphorylation may directly contribute to generating the protein interaction surface or induce a conformational change that allows protein binding (148) . One protein, whose direct binding depends on the phosphorylation of the ER␣ AF-1 domain, is the stromelysin-1 platelet-derived growth factor-responsive element-binding protein (SPBP); however, functionally it proved to be a repressor rather than an activator that could mediate growth factor signaling (149) . The molecular mechanisms that allow cAMP/PKA to turn on SR transcriptional activity remain only partially understood. The fact that PKA does indeed directly phosphorylate ER␣ (23, 150, 151) led to the suggestion that this may be what activates ER␣ transcriptionally (23) . Phosphorylation of S305, located at the boundary of the ER␣ HBD, was proposed to mediate the ligand-independent activation of ER␣ by PKA and p21-activated kinase1 (49, 51, 152, 153) . Although it definitely enables OHT to act as an agonist promoting ER␣ dimerization and the recruitment of the coactivator SRC-1 (51, 57, 152, 154), we could not confirm that the phosphorylation of S305 is required for activation of ER␣ by cAMP (58) . Instead, we demonstrated that the coactivator-associated arginine methytransferase 1 (CARM1) is the critical target of PKA. Upon phosphorylation, CARM1 directly binds ER␣ and contributes to its activation (58) . CARM1 binding, by itself not being sufficient, activation of ER␣ by cAMP must involve the phosphorylation of other proteins by PKA. This may include other coactivators such as the glucocorticoid receptor interacting protein 1 (GRIP1) that are recruited to ER␣ transactivation complexes in response to cAMP, even though no PKA-induced phosphorylation was seen in this particular case (155) . The molecular chaperone Hsp90, also a PKA substrate (156) , is another potential candidate. The activation of unliganded ER␣ may depend on its release (157) , and, intriguingly, the ligand-independent activation of ER␣ by the overexpression of the protein arginine methytransferase 6 (PRMT6) correlates with the dissociation of Hsp90 (158) .
Cyclins can activate SRs in the absence of steroids in CDK-dependent and independent manners. As mentioned above, the CDK-dependent ones may modulate unliganded SR activities primarily by direct phosphorylation (42, 43, 143) , whereas cyclin D1 may function as a bridging factor to recruit coactivators (40, 140) .
Yet a slightly different paradigm may be exemplified by cytokines. Although they do turn on kinases that may again act by phosphorylating both the SRs and coregulators, the activation of other transcription factors such as STAT3 and NF-B may be particularly relevant to these pathways. Because the PI3K/Akt pathway can activate NF-B (159, 160) , it seems plausible that a cytokine such as IL-4 could activate AR signaling by the PI3K/Akt/ NF-B pathway. However, this remains merely as a speculation because NF-B can on its own bind regulatory elements of the prototypical AR target gene PSA, independently of AR activity (125) . It would be necessary to dissect the existence of a PI3K/Akt/NF-B/AR axis with the use of a pure AR antagonist, knockdowns of NF-B, and a genome-wide analysis of this signaling cross talk.
What happens downstream of both phosphorylation and interaction with other proteins? There is mounting evidence that the ligand-independent pathways, compared with cognate steroids, stimulate both the assembly of alternative transcription complexes (Figure 2 ) and the selection of slightly different ensembles of genome-wide chromatin binding sites (cistromes). The interplay between transcription complexes and cistromes adds obviously another layer of complexity. As alluded to above, we found that CARM1 directly binds to ER␣ in response to cAMP signaling (58), whereas it is indirectly recruited to the estrogen-activated ER␣ through GRIP1 (161, 162) . Differences between ER␣ complexes induced by estrogen vs IGF-1 have also been reported for specific target sites (163) . Both EGF and cAMP have been found to determine the ER␣ cistromes slightly differently from estrogen (83, 164) . To what extent this is affected by pioneer factors such as Forkhead box protein A1 (FoxA1) or partner transcription factors such as AP1 and NF-B or the differences in assembling transcription complexes needs further investigations. Hence, the nature of the signal affects both the target selection and the specifics of the complex that is assembled. Beyond that, it may also affect the kinetics of the transcriptional response (86) .
As a consequence of these differences, it is not surprising that the transcriptional outputs of SRs are distinctly shaped by the activating signal. Gene expression profiles controlled by ER␣ can substantially differ, depending on whether ER␣ is activated by estrogen, cAMP, EGF, or one of these in combination with OHT (83, 164, 165) .
Biological implications
Whereas the steroid-induced functions of SRs have been in the limelight for many decades, the potential physiological functions of the ligand-independent activation of SRs have not received enough attention yet, and the picture remains very fragmentary (summarized in Table  2 ). To a large extent, it is their pathologically perverted functions that have been the focus of speculations. Nevertheless, the use of pharmacological and genetic tools is beginning to pay off. Dopamine and EGF induce the reproductive behavior of female rodents. Experiments with antagonists and antisense RNAs injected into ventromedial nucleus support the notion that these responses are mediated by the ligand-independent activation of PR and ER␣ (113) (114) (115) 166) . Dopamine also regulates the social behavior of neonatal rats by activating the unliganded ER␣ in specific brain areas (116, 167) . Although these nice biological cases seem unambiguous, one cannot completely exclude that liganded ER␣ and/or PR are required for the initial set-up of the responses. The experimental dissection of these complex systems remains a challenge for the future.
In the breast, PRL can activate ER␣ signaling in the absence of estrogens and show synergistic effects with estrogens, which suggests a cooperative role of PRL and estrogens during the extension of the primary ductal tree of the mammary gland at puberty (131) . In addition, it may represent a mechanism of estrogen-independent proliferation of certain breast tumors because PRL is also synthesized locally in the epithelium (168, 169) .
The activation of unliganded ER␣ by circulating IGF-1 in nonreproductive tissues such as the liver (136) may be the counterpart of the activation by estrogens in reproductive tissues. As mentioned above, free amino acids affect IGF-1 levels through unliganded ER␣ (39) , but what the significance of the response of ER␣ to IGF-1 is still needs to be carefully worked out for nonreproductive tissues. A stronger case can be made for reproductive tissues such as the uterus. Both EGF and IGF-1 stimulate uterine growth through ER␣ (170, 171 ). An estrogeninsensitive knock-in mutant of ER␣ in the mouse with the amino acid change G525L still mediates the uterotrophic effects of IGF-1, even in ovariectomized females (172) . Although uterine growth may be stimulated by the ligandindependent activities of ER␣ in tissues other than the epithelium (173), these genetic experiments argue very strongly that this is a case of ligand-independent functions of ER␣. Likewise, in males, this ER␣ mutant still contributes to regulating fertility in response to growth factors that promote the concentration of epididymal sperm (174) .
Throughout this article, we have already pointed out the large and steadily growing body of literature on the existence of this type of signaling cross talk in cancer cell lines. This evidence strongly supports the notion that these pathways are important in cancer, both for progression and resistance to endocrine therapy. To provide more formal proof, these concepts will have to be tested with animal models.
Concluding remarks
Where did all this come from and could one learn from other NRs? This relates to the question of what came first in the evolution of NRs in general and of SRs in particular: ligand-dependent or ligand-independent activation. In modern day NRs, both activation modes can be found, but whether the ancestral NR was constitutively active or a ligand-binding factor, for example a nutrient sensor, is still a matter of debate (175, 176) . The evolution of SRs can be traced back more clearly to an ancestral estrogensensitive SR (177, 178) . Loss of ligand binding and constitutive activity of ER in invertebrates and diversification in vertebrates appear to have been secondary events (175, 178 -180) . One can only speculate that the huge diversity of types of signaling cross talk and underlying molecular mechanisms that seem at play, both in the presence and the absence of ligand, are the result of a subsequent evo- Considering the huge variety of signals that can trigger the transcriptional activation of unliganded SRs (apoSRs), it is almost a miracle that they can be off and function as ligand-dependent transcription factors in any context at all. To be able to respond efficiently to their cognate steroids, SRs may have evolved to be inherently unstable, poised to be turned on. The slightest perturbation may push the equilibrium toward the active form. Whereas cognate steroids and other direct ligands are particularly good at this, other factors influencing SR functions might be able to pull the trigger. These factors could include the posttranslational modifications such as phosphorylations of the SRs themselves, an increase in the levels or activities of coregulators, and changes in the local chromatin environment at target genes. Conversely, other factors might tend to shift the equilibrium toward the off state. To what extent the molecular chaperone Hsp90 complex plays this role is still not entirely clear and may depend on the particular SR (157) .
Many other members of the NR superfamily display constitutive or ligand-reversed activities (2, 3). Perhaps SRs, or at least some SRs such as the ER␣, are not fundamentally different. It came as a big surprise when it was found that the unliganded ER␣ cycles at a target gene, albeit with a slightly different periodicity and amplitude than the estrogen-activated ER␣ (185) . It was speculated that this transcriptionally nonproductive cycling might be essential to prepare a target gene for a rapid and robust response to estrogen. A recent analysis of the cistrome of the unliganded ER␣ substantially broadened this picture. The apo-ER␣ was found to be present at a large number of chromatin sites, mostly a substantial subset of the estrogen-induced ones, and to regulate a specific gene expression program (186) . Interestingly, for one particular gene, apo-ER␣ had previously been identified as a coactivator (187) , again seemingly contradicting the canonical model of SRs only being activated upon binding cognate steroid. At this point, there is too much evidence to shrug off these "basal" activities as being due to experimental artifacts caused by contaminating steroids. Whether these basal activities are induced or affected by ligand-independent pathways discussed here is unknown, but it is tempting to hypothesize that they are the manifestations of SRs living on the edge.
